Receptive-Field Modification in Rat Visual Cortex Induced by Paired Visual Stimulation and Single-Cell Spiking  by Meliza, C. Daniel & Dan, Yang
Neuron 49, 183–189, January 19, 2006 ª2006 Elsevier Inc. DOI 10.1016/j.neuron.2005.12.009ReportReceptive-Field Modification in Rat
Visual Cortex Induced by Paired Visual
Stimulation and Single-Cell SpikingC. Daniel Meliza1 and Yang Dan1,*
1Division of Neurobiology
Department of Molecular and Cell Biology and
Helen Wills Neuroscience Institute
University of California, Berkeley
Berkeley, California 94720
Summary
Experience-dependent plasticity of visual cortical re-
ceptive fields (RFs) involves synaptic modifications
in the underlyingneural circuits, but the site andmech-
anism of these modifications remain to be elucidated.
Using in vivowhole-cell recordings, we show that pair-
ing visual stimulation at a given retinal location with
spiking of a single neuron in developing rat visual cor-
tex induces rapid RFmodifications. The time course of
the response to the visual stimulus at the paired RF lo-
cation is altered, with an enhancement of the response
preceding the spike time and a reduction following the
spike. Such bidirectional modification is consistent
with spike timing-dependent plasticity. Response mod-
ification also occurs at nearby locations, the direction
andmagnitude ofwhich are correlatedwith the change
at the paired location. In addition, changes at unpaired
locations show a negative correlation with the initial
strength of the response, which may facilitate rapid
modification of the spatial RF profile.
Introduction
The role of sensory experience in shaping the functional
properties of mammalian neuronal circuits has been
studied extensively in the primary visual cortex. During
development, the ocular dominance of cortical neurons
is highly sensitive to monocular deprivation (Wiesel and
Hubel, 1963), and orientation tuning can be modified by
a variety of visual manipulations (Chapman et al., 1999).
In adult animals, focal retinal lesions can cause large
shifts in neuronal receptive fields (RFs) (Kaas et al.,
1990; Gilbert and Wiesel, 1992), and perceptual learning
is accompanied by changes in the stimulus selectivity of
V1 cells (Schoups et al., 2001). These RF modifications
are thought to be mediated by activity-dependent for-
mation and elimination of axonal processes (Shatz and
Stryker, 1978) as well as long-lasting changes in synap-
tic efficacy (Heynen et al., 2003).
Numerous studies have explored the relationship be-
tween activity-dependent synaptic changes and cortical
RF plasticity. For instance, synchronous visual stimula-
tion and iontophoretic activation of adult cortical neu-
rons can modify several response properties of these
neurons (Fregnac et al., 1988; McLean and Palmer,
1998; Fregnac and Shulz, 1999). Concurrent stimulation
of the RF center and a part of the surround leads to an
*Correspondence: ydan@berkeley.eduexpansion of the RF into the costimulated surround
(Eysel et al., 1998). The temporal synchrony of stimula-
tion required for the induction of these RF modifications
is consistent with Hebb’s rule for synaptic plasticity
(Hebb, 1949).
More recent studies have indicated the importance of
the temporal order of stimulation in determining the di-
rection of RF modification. In the developing visual cor-
tex, pairing oriented visual stimuli with electrical stimu-
lation causes an increase or decrease of the cortical
representation of the paired orientation (Schuett et al.,
2001). In the adult visual cortex, asynchronous visual
stimulation at either a pair of orientations or in adjacent
retinal regions induces shifts in the orientation tuning or
RF center of the cells (Yao and Dan, 2001; Fu et al., 2002;
Yao et al., 2004). In both cases, the direction of the
change depends on the order of the paired stimuli.
These findings are consistent with spike timing-depen-
dent plasticity (STDP), in which synapses are potenti-
ated if the presynaptic neuron fires repeatedly before
the postsynaptic neuron, and depressed if the order of
the spikes is reversed (Levy and Steward, 1983; Mark-
ram et al., 1997; Bi and Poo, 1998; Zhang et al., 1998;
Debanne et al., 1998). This form of plasticity has been
observed in many glutamatergic synapses, including
those in rat visual cortical slices (Sjostrom et al., 2001;
Froemke and Dan, 2002).
The above studies point to a close relationship be-
tween synaptic modification and experience-dependent
RF plasticity in both developing and adult visual cortex.
However, because extracellular techniques were used
to record and manipulate cortical spiking activity, the
exact sites of the synaptic changes are unclear. In the
present study, we used the whole-cell recording tech-
nique to monitor the synaptic inputs into a single neuron
in the developing rat visual cortex and to control the
spiking activity of the neuron. We found that repeatedly
pairing visual stimulation and neuronal spiking induces
rapid changes in the spatiotemporal RF of the neuron.
The sign and magnitude of the RF modification depend
on the relative timing of the pairing, in a manner consis-
tent with STDP of the excitatory synapses onto the re-
corded cortical neuron.
Results
Whole-cell patch-clamp recordings were made from 43
cells in the superficial layers (<500 mm) of the developing
rat visual cortex (P16–P21) in the Oc1 region (Figure 1A).
These cells responded to current injection with the slow
(<30 Hz) spiking characteristic of cortical pyramidal neu-
rons (Figure 1B). We excluded fast-spiking cells from the
analysis because they are believed to be inhibitory inter-
neurons (McCormick et al., 1985).
Visual stimuli consisted of an oriented bar flashed in
four locations of the visual field in a random sequence,
for 500 ms at each location (Figure 1A). Although these
cortical cells often responded to both stimulus onset
and offset, we confined our analysis of RF plasticity to
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184the initial onset responses, which had an amplitude of
41 6 32 pA (SD) and latency of 84 6 18 ms (Figure 1C).
consistent with the property of STDP of intracortical con-
nections (Sjostrom et al., 2003; Froemke et al., 2005).
Figure 1. Whole-Cell Recordings In Vivo from
Anesthetized Rat
(A) Schematic representation of experimental
configuration. Recordings were made from
the right visual cortex, contralateral to visual
stimulation. Diagram of occipital cortex mod-
ified from Zilles and Wree (1995).
(B) Response of a typical cortical cell to
suprathreshold current injection.
(C) Individual (gray) and average (black) re-
sponses of a different cell to visual stimula-
tion, recorded under voltage clamp. Horizon-
tal bar, duration of stimulus presentation.Modification of Visual Responses at Paired
RF Location
The spatiotemporal RF of each neuron was measured
under voltage clamp. To induce modification of the RF,
we repetitively paired the visual stimulus at one of the
four RF locations with a brief current injection (6–8 ms;
current clamp) through the whole-cell electrode that
evoked postsynaptic spiking (Figures 2A and 2C). This
is analogous to the induction protocol known to be ef-
fective for spike timing-dependent synaptic modifica-
tion in rat visual cortical slices (Sjostrom et al., 2001;
Froemke and Dan, 2002), except that presynaptic acti-
vation was caused by visual, rather than electrical, stim-
ulation. The pairing interval is defined as the interval be-
tween the peak of the visual response and the peak of
the postsynaptic action potential. After 30 to 40 pairings
(0.33 Hz) at positive intervals (visual response peaks be-
fore the spike, 1–50 ms), we observed an increase in the
amplitude of the response to the paired bar (Figures 2A
and 2B). The same number of pairings at negative inter-
vals (21 to 265 ms) led to a decrease in the response
amplitude (Figures 2C and 2D). Figure 2E summarizes
the change in the response amplitude as a function of
the pairing interval. Significant modification of the visual
responses was observed within a window ofw660 ms
(although our data do not necessarily exclude modifica-
tion at longer intervals), similar to the STDP observed in
rat visual cortical slices (Sjostrom et al., 2001; Froemke
and Dan, 2002).
To determine whether the RF modifications require
postsynaptic Ca2+ elevation, we repeated the pairing ex-
periments with 5 mM BAPTA in the intracellular solution.
We found no significant increase in response amplitude
(7.0% 6 8.1%, SEM, p > 0.55, n = 4) at positive pairing
intervals (7–11 ms) and no significant decrease (2.4% 6
3.3%, p > 0.60, n = 4) at negative intervals (212 to
222 ms). This result indicates that both types of RF
modifications depend on postsynaptic Ca2+ signals,Change in Response Time Course
The response of each cortical neuron to a visual stimulus
is likely to reflect the temporal summation of a large
number of synaptic inputs with different latencies.
Thus, the pairing protocol may induce potentiation of
some synapses and depression of other synapses, de-
pending on the timing of their activation relative to the
postsynaptic spike. To assess the pairing-induced mod-
ification of different components of the visual response,
we performed a point-by-point comparison of the aver-
age response at the paired RF location before and after
induction (Figures 3A and 3B). Across all the cells with
pairing intervals between 265 and 50 ms (n = 30), there
was an overall increase in the response component prior
to the spike, and a decrease in the response following
the spike (Figure 3C). Some increase was observed im-
mediately following the spike, which may be accounted
for by the synapses activated shortly before the spike
time, as they are expected to be potentiated but their
currents may persist until after the spike time.
Note that by averaging the difference curves across all
experiments (Figure 3C), one is likely to underestimate
the magnitude of the response modification, because
some pairing intervals will result in negligible potentia-
tion (e.g., Figure 3A), artificially reducing the population
average. To better assess the magnitude of the plastic-
ity, response modification before the spike was com-
puted only from the experiments with positive pairing in-
tervals (n = 14; Figure 3D), and the modification after the
spike was computed only from the complementary
group of experiments (n = 16). We then fit each side of
the difference curve by a single exponential function,
Dw = Ae2jDtj/t, where Dw is the percentage change in vi-
sual response, Dt is the pairing interval, and A and t are
free parameters. A and t were found to be 33% 6 8%
and 30 6 9 ms for potentiation, and 226% 6 6% and
79 6 31 ms for depression (6SD, nonparametric boot-
strap).
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tude at Paired RF Location
(A and B) Increase in the amplitude of visually
evoked responses (36% in [A], 40% in [B]) in-
duced by repetitive pairing of visual stimula-
tion with postsynaptic spiking. Inset above
arrow, example voltage trace during a single
pairing (dashed lines, peaks of visual re-
sponse and of action potential; Dt = 14 ms
in [A], 9 ms in [B]). Top right traces, average
responses to visual stimulation before (solid,
average of all preinduction traces; n = 41 for
[A], 36 for [B]) and after (dotted, average of
all postinduction traces; n = 249 for [A], 143
for [B]) pairing; horizontal bar, visual stimula-
tion; dashed vertical line, time of postsynap-
tic spike.
(C and D) Decrease in the amplitude of visu-
ally evoked responses (39% in [C], 41% in
[D]) induced by spiking before the peak of
the visual response (Dt = 220 ms in both [C]
and [D]). In (D), the further reduction in re-
sponse amplitude at 30 min is unlikely to be
due to nonspecific run down, because the in-
put resistance remained stable, and the am-
plitude of the second peak (w150 ms after
the first peak) did not show any decrease.
Solid trace in inset was averaged from 44
(C) and 37 (D) individual traces, dashed trace
from 221 (C) and 123 (D) individual traces.
(E) Change in amplitude of visual response at
paired location as a function of pairing inter-
val. Each symbol represents one cell. Mean
potentiation (1–50 ms, positive pairings) was
16.0% 6 3.6% (n = 17, p < 0.01), mean de-
pression (21 to 265 ms, negative pairings)
was 223.8% 6 4.5% (n = 17, p < 0.01).Spatial Profile of RF Modification
In addition to the paired RF location, we also examined
the changes in the visual responses at nonpaired loca-
tions. For many cells, visual responses were observed
at all four locations (spanning 46º–54º of visual field).
Typically, a strong, fast response was evoked at one lo-
cation, which is referred to as the ‘‘RF peak.’’ The other
bars often evoked smaller responses with longer laten-
cies (Figure 4A), and these locations are referred to as
the ‘‘RF periphery.’’ These RFs are comparable in size
to those described previously in the developing rat vi-
sual cortex (Fagiolini et al., 1994), although they are
markedly larger than the RFs in adult rats (Girman
et al., 1999).
We found that pairing at a single bar position also in-
duced changes in the visual responses at the unpaired
RF locations (Figures 4B–4D). There was a significant
correlation between the change at the paired region
and the change at neighboring positions (Figure 4E;
slope 0.94, R2 = 0.42, p < 0.0001), suggesting that the
effect of pairing at a single bar position extends to
unpaired locations. At unpaired locations, we also ob-
served a negative correlation between the change in re-
sponse amplitude and the initial amplitude (Figure 4F).Regions with weak responses relative to the RF peak
were biased toward potentiation, whereas regions with
strong responses exhibited more depression. An ex-
treme example is shown in Figure 4D, in which pairing-
induced potentiation at a periphery RF position was
accompanied by a depression at the RF peak, leading
to a marked change of the spatial RF profile.
Discussion
Our results demonstrate that pairing visual stimulation
with postsynaptic spiking can rapidly alter the spatio-
temporal RFs of developing visual cortical neurons. Pre-
vious studies in which cortical spiking was manipulated
at the population level (Fregnac and Shulz, 1999;
Schuett et al., 2001; Yao and Dan, 2001; Fu et al.,
2002) have shown that temporally correlated activity
can effectively induce changes in cortical response
properties. However, the exact sites of the synaptic
modifications underlying the RF changes were unclear.
An important feature of the current experiments is the
precise control of spike timing of a single neuron with
the whole-cell recording electrode, which revealed the
dependence of the RF modifications on the timing of
Neuron
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tion
(A) An example cell in which postsynaptic spiking preceded the vi-
sual response. Upper plot, mean responses before (solid, averaged
from 44 trials) and after (dotted, 221 trials) pairing visual stimulation
with postsynaptic spikes (dashed vertical line, time of spike). Lower
plot, difference between the solid and dashed traces, with negative
values representing depression.
(B) Another example cell, but the spike was evoked after the peak of
the visual response. Solid, averaged from 43 trials; dashed, 66 trials.
(C) Average effect of pairing on response time course. The temporal
RF modifications for individual cells were normalized by the ampli-
tude of the preinduction response, aligned by the time of the post-
synaptic spike, and then averaged across cells. Only experiments
with pairing intervals between 265 and 50 ms and where the visual
response was >10 pA were included (see Experimental Procedures).the postsynaptic spike on the order of tens of millisec-
onds. Although in principle the controlled spiking of
the recorded cell may also affect spiking of other neu-
rons through intracortical connections, this effect is
likely to be quite weak, because the amplitude of synap-
tic responses for excitatory connections between pairs
of cortical neurons is on the order of 1 mV (Sjostrom
et al., 2001; Feldmeyer et al., 2002; Holmgren et al.,
2003). Moreover, response modifications at the paired
RF location required postsynaptic Ca2+ changes. This
further suggests the involvement of STDP of monosyn-
aptic inputs into the recorded neuron, although other
spike timing-dependent mechanisms, such as changes
in presynaptic excitability (Ganguly et al., 2000; Li et al.,
2004), may also contribute to the observed RF modifica-
tion.
The asymmetric time window we have observed is
wider than those measured in visual cortical slices,
and the magnitude of the modification is smaller (Sjos-
trom et al., 2001; Froemke and Dan, 2002). Several prop-
erties of the in vivo preparation may account for these
differences. In the studies performed in slices, only the
inputs from a single presynaptic cell (Sjostrom et al.,
2001) or a single intracortical pathway (Froemke and
Dan, 2002) were stimulated electrically. In contrast, vi-
sual stimulation is likely to activate multiple pathways,
including feedforward, recurrent, and feedback connec-
tions. The window we observed may thus reflect a com-
posite of the synaptic learning rules in the different path-
ways, which may vary in both the magnitude of synaptic
modification and the width of the time window (Froemke
et al., 2005). The higher level of spontaneous activity
in vivo may also result in lower temporal precision in
the firing of presynaptic neurons, which in turn could re-
duce the amplitude of the modification and broaden the
temporal window.
To estimate the extent to which visual stimulation
alone without postsynaptic current injection can induce
RF modification in vivo, we analyzed the suprathreshold
response to the offset of each flashed-bar stimulus (500
ms after onset), during which no postsynaptic current in-
jection was applied. The timing of these spikes corre-
sponded closely to the timing of the visually evoked syn-
aptic responses; thus, they are likely to contribute to RF
modifications in a manner similar to the spikes induced
by current injection. However, at this young age, the
spike rate under visual stimulation is low (mean: 0.14
spikes per flash, n = 35), suggesting that RF modification
induced by visual stimulation alone occurs at a much
slower rate. Nevertheless, compared to the timing-
dependent plasticity observed in adult visual cortex (Yao
and Dan, 2001; Fu et al., 2002), the magnitude of RF
modification found in the present study is larger, consis-
tent with the notion that the developing visual cortex ex-
hibits a higher degree of plasticity. Similar spike timing-
dependent changes have been observed in the rat barrel
cortex when whisker stimulation was paired with spiking
of a single cortical neuron (Shulz et al., 2004, Soc. Neuro-
sci., abstract).
(D) Temporal RF modification induced by positive pairings (left
panel, n = 14) and negative pairings (right panel, n = 16). Error
bars, SEM.
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Induced Modifications
(A) Temporal responses at each of the four
bar locations averaged across all cells. RFs
for each cell were aligned to the onset time
of the strongest response and normalized to
the peak of the RF before averaging. Num-
bers represent distance from the RF peak.
(B–D) Examples of spatiotemporal RF before
and after induction. The bottom plot is the dif-
ference between the top two plots, with pos-
itive values representing potentiation. Star,
time of postsynaptic spike and location of
the paired bar during induction.
(E) Change in unpaired RF region versus
change in the paired region (log-log scale).
Each point represents an individual cell. Solid
line, linear fit.
(F) Change in response amplitude versus ini-
tial response amplitude at each unpaired RF
location. The initial response amplitude at
each location was normalized by the ampli-
tude at RF peak, and the change in response
is plotted on a log scale. The correlation is
highly significant (R2 = 0.19, p < 0.0001).The effects of pairing postsynaptic spiking with visual
stimulation at a single RF location were not confined to
the paired RF location (Figure 4), with a significant corre-
lation between the changes at the paired and unpaired
locations (Figure 4E). This may be because, although
the paired and unpaired stimuli did not overlap spatially,
they activated overlapping populations of presynaptic
neurons. Modification of these shared inputs by the
paired bar can cause a similar change of the response
at unpaired locations. Additional mechanisms, such as
the spread of LTP or LTD to neighboring synapses (En-
gert and Bonhoeffer, 1997; Fitzsimonds et al., 1997; Tao
et al., 2001), may also contribute to this effect.
In addition to the spatial spread of pairing-induced re-
sponse modification, we also found a dependence of the
change on the initial strength of the response at each RF
location (Figure 4F), with the RF periphery biased toward
potentiation and RF peak toward depression. This effect
may reflect the dependence of synaptic modification on
the initial connection strength, which has been demon-
strated for glutamatergic synapses in vitro (Bi and Poo,
1998; Debanne et al., 1999). Alternatively, responses at
the RF peak and periphery may be preferentially medi-
ated by different pathways (e.g., feedforward versus
horizontal), which may exhibit differential susceptibility
to potentiation and depression. From a functional per-
spective, preferential potentiation of the weak parts of
the RF can facilitate shifts of the RF peak to neighboringlocations when stimuli at these locations are followed by
postsynaptic spiking. Shifts of neuronal RFs and reorga-
nization of cortical maps have been demonstrated in
various sensory modalities following sensory manipula-
tions (Buonomano and Merzenich, 1998). The rapid,
spike timing-dependent RF plasticity we have observed
at the single-cell level may play an important role in




All experiments were approved by the Animal Care and Use Commit-
tee at the University of California, Berkeley. Long-Evans rats aged
postnatal day 16–21 were anesthetized with pentobarbital (Nembu-
tal, 40 mg/kg, i.p.). Buprenorphine (Buprenex, 0.1 mg/kg, s.c.) was
administered 1 hr before pentobarbital to improve analgesia, and
glycopyrrolate (Robinul-V, 0.003 mg/kg, i.p.) was injected with the
pentobarbital to reduce respiratory secretions. Animals were re-
strained in a stereotaxic apparatus (David Kopf Instruments, Tu-
junga, CA), and a stream of O2 was passed over the nose. Body
temperature was maintained at 36ºC–37ºC via a heating blanket
(Harvard Apparatus, Holliston, MA). A craniotomy was made above
the right occipital cortex (0–3 mm anterior to lambda and 1–3 mm lat-
eral to the midline) and the dura removed. Recording stability was
improved by cisternal drainage and the application of 1–2 mm of
a saline solution containing 1.5% agarose. The eye through which vi-
sual stimuli were presented was protected either by a plano contact
lens (diameter, 4.0 mm; base curvature, 300; Platt, Vernon, OH) or by
occasional irrigation with a sterile saline solution.
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Recordings were made with an Axopatch 200B amplifier (Axon In-
struments, Foster City, CA) using the blind patch-clamp technique
(Margrie et al., 2002). Electrodes were pulled with a horizontal puller
(Sutter Instruments, Novato, CA) from unfilamented borosilicate
glass (outer diameter, 1.5 mm; inner diameter, 1.16 mm; Warner
Instruments) to tips of 1–2 mm. Internal solution contained 130 mM
K-gluconate, 10 mM Na-gluconate, 10 mM HEPES, 10 mM phospho-
creatine, 4 mM MgATP, 0.3 mM GTP, 4 mM NaCl, and 0.1 mM EGTA
(pH 7.2 and mOsm 300). Resistance in the bath was 4–7 MU. Electro-
des were inserted perpendicular to the cortical surface and ad-
vanced with a stepper motor microdrive (National Aperature, Salem,
NH) in 1–2 mm increments. Only cells between 180 and 500 mm below
the pia (mean depth, 338 mm) were used. Neither series resistance
nor whole-cell capacitance was compensated, which is common
for in vivo whole-cell recordings (Brecht and Sakmann, 2002; Mar-
grie et al., 2002; Holmgren et al., 2003). Resting potential (260.0 6
6.1 mV, SD, n = 34) and spiking in response to current injection
were measured in current-clamp mode. The series resistance was
41.6 6 18.7 MU. The input resistance (Ri = 130 6 45 MU) was mon-
itored with hyperpolarizing voltage steps (25 mV, 150 ms); cells
whose Ri changed by more than 30% over the duration of the exper-
iment were excluded. Sweeps were filtered at 2 kHz, sampled at
10 kHz by a 12 bit digital acquisition board (National Instruments,
Austin, TX), and analyzed with custom software running in Matlab
(The Mathworks, Natick, MA).
Visual Stimulation
Visual stimuli were presented on an LCD monitor (NEC MultiSync
LCD1760V) placed 26 cm from the left (contralateral) eye of the ani-
mal, spanning a visual field 54º wide by 46º high. Nonoverlapping
vertical (length, 46º; width, 13.5º) or horizontal (length, 54º; width,
11.5º) bars were flashed against a dark background in one of four lo-
cations for 500 ms at 0.33 Hz; we chose an orientation that evoked
robust responses from more than one location. The location of the
bar in each trial was drawn from a random sequence.
RF Measurement and Plasticity
Visual responses were evoked while holding the cell in voltage
clamp between 265 and 270 mV. The amplitude of the visual re-
sponse was measured at the first peak of the onset response. After
establishing a baseline of synaptic strength for 8–12 min, the ampli-
fier was switched to current clamp, and one of the four bars was pre-
sented as postsynaptic action potentials (APs) were evoked by cur-
rent injection (8 ms, 2–6 nA). Only the bar chosen for pairing was
presented during the induction period. The pairing interval is defined
as the time of the peak of the AP (median of spike times during in-
duction) minus the time of the peak of the visual response (measured
in voltage clamp). The post-induction response was measured for at
least 15 min, under voltage clamp.
To examine the time course of the pairing-induced RF modifica-
tion, we subtracted the average response at the paired location be-
fore induction (Rpre) from the average response after induction
(Rpost). Traces were corrected for baseline leak and filtered with
a 60 Hz notch filter and a 1 kHz low-pass filter. The difference curves
(Dresponse) were normalized with respect to the peak amplitude of
Rpre and aligned to the time of the postsynaptic spike. Experiments
where the amplitude of the response prior to induction was less than
10 pA were excluded from this analysis because the poor signal-to-
noise ratio was magnified excessively in the normalization step; cells
paired at intervals outside the critical timing window were also
excluded. For fitting by single exponentials, the analysis was per-
formed separately on cells with positive and negative pairing inter-
vals. The exponentials were fit to data binned at 16 ms, and con-
fidence intervals for the parameters A and t measured by a
nonparametric bootstrap; only fits with R2 greater than the median
for the bootstrap set (potentiation, 0.89; depression, 0.76) were
used to estimate the parameters. Because the first bin of the depres-
sion window was contaminated by the potentiation, it was excluded
from the fit.
The full spatiotemporal RF for each cell was calculated from the
average response of the cell at each of the four nonoverlapping po-
sitions. For comparison of the changes at paired and unpaired loca-
tions, Dresponse was calculated separately at each location. Thechange in the RF at each location was defined as the integral of Dre-
sponse over a window from2t2 to t+ ms, the time constants for de-
pression and potentiation as computed above. If a periphery loca-
tion was paired, change at the unpaired location was measured at
the RF peak; if the peak was paired, the unpaired change was aver-
aged from the two neighboring locations. To determine the relation-
ship between the initial response strength and the pairing-induced
change, the responses at all locations were considered separately.
Unless otherwise noted, the significance of comparisons was
evaluated by Student’s two-tailed t test, and the significance of
fits by F test. Means are reported 6SEM.
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